The room temperature creep behaviors of Ce-based bulk metallic glasses were examined by the use of nanoindentation. The creep rate and creep rate sensitivity of Ce-based BMGs were derived from indentation creep curves. The low creep rate sensitivity of Ce-based BMGs indicates that the room temperature creep is dominated by localized shear flow. The experimental creep curves can be described by a generalized Kelvin model. Furthermore, the creep retardation spectrum is calculated for the Ce-based metallic glasses. The results showed that creep retardation spectrum consists of two relatively separated peaks with the well defined characteristic relaxation times.
Introduction
The plastic deformation during creep of metallic glasses has been widely investigated. The dependence of the shear strain rate (or viscosity) on the temperature, time, structure relaxation, and the mechanism governing this dependence has been the most active areas of research. [1] [2] [3] [4] Isothermal creep experiments were usually performed at high temperature (approaching glass transition temperature, T g ), where homogeneous flow takes place. Recently, rare-earth band bulk metallic glasses (BMGs) with low T g has been developed, such as La-, Nd-, Pr-, and especially Ce-based BMGs, showing the T g as low as 355 K. [5] [6] [7] [8] This may allow the creep experiments to be performed at room temperature, as the ratio of room temperature to T g is higher than 0.8 in the case of Ce-based BMGs. 8) Conventional creep testing requires many samples and therefore is time consuming and inconvenient. It is also difficult to build models and study mechanisms when there are sample-to-sample variations in the microstructure. Indentation creep testing has been proved to be a powerful technique for studying the rheological properties and relaxation dynamics on amorphous materials, such as polymer. [9] [10] [11] [12] [13] [14] However, little work has been done on BMGs. In this paper, a pronounced creep phenomenon at room temperature in Ce-based BMGs is observed through nanoindentation tests. The room temperature creep behavior is studied.
Experimental Procedures
Ingots with a nominal composition of Ce 60 Al 15 Ni 15 Cu 10 and Ce 68 Al 10 Cu 20 Nb 2 were prepared by arc-melting of elements Ce, Al, Ni, Cu and Nb with a purity of 99.9% in titanium-gettered argon atmosphere. Cylindrical specimens of 3 mm in diameter and 70 mm in length were prepared by suction casting into a copper mold. The structure of samples was characterized by X-ray diffraction (XRD) in a Philips PW 1050 diffractometer using Cu K radiation. Thermal analysis was performed with a Perkin-Elmer DSC-7 differential scanning calorimeter at heating rate 20 K/min under argon atmosphere. The specimens were mechanically polished to a mirror finish and tested in a MTS Nano Indenter Ò XP with a standard Berkovich diamond tip under room temperature (296 K). At least six indentations were made for each test. Indentation creep measurements are performed by using a standard Berkovich indenter tip under load-control mode. The indentation segments include a constant loading rate segment with a duration of 5 s (A-B in Fig. 1 ), holding at the maximum load of 100 mN for 1000 s (B-C), and then unloading to 10% of the maximum load (C-D) in 5 s, followed by another holding at 10 mN (D-E) for 100 s. 
Results and Discussion

As
where C 1 is a constant, m is the steady-state creep rate sensitivity, _ " " i is defined as the indentation strain rate which can be expressed as:
where h is indenter penetration depth, and t is time.
According to eq. (1) and eq. (2), the creep rate sensitivity m is lg H=lg _ " " i . Figure 3 shows the logarithmic plots of hardness versus strain rate. The slopes of the straight lines in A high loading rate of 20 mN/s was chosen to minimize the viscoelastic deformation during the loading segment in the present indentation creep measurements. The viscoelastic deformation takes place mainly in the holding load segments. Generally speaking, the viscoelastic behavior of the amorphous alloys can be described by a series of dashpots and linear springs known as the Kelvin model. In the present case, we use a generalized Kelvin model to fit the creep curves. 16) The total displacement h during the indentation creep is expressed as:
where h e is the indentation depth at the first spring, 0 is a constant related to the viscosity coefficient of the last dashpot, h i represents the indentation depth at the ith Kelvin element and i is the retardation time for the ith element. Furthermore, we can take no account of viscous flow at room temperature for the present BMGs, as it is not observed in the uniaxial compressive test at the comparable strain rates. So the equation (3) can be expressed a simplified form as:
The indentation creep curves of Ce-based BMGs and the fitting curves derived from eq. (4) are shown in Fig. 4 . The fitting parameters are summarized in Table 2 . The results show that an excellent agreement between the experimental data and the predictions of eq. (4) can be obtained by only twice fitting. The retardation times, 1 and 2 are the different time responses, which should reflect the influence of the amorphous structure on the indentation load. It should be pointed that the fitting is much simpler for BMGs than for polymers, such as PMMA, PET and Epoxy, etc.
12) This indicates a much simpler relaxation process in BMGs, compared with that in polymers.
From Fig. 4 we can also deduce the creep retardation spectrum, which can be approximately expressed as 17) LðÞ
The retardation spectra of the Ce-based BMGs are shown 20) Each of the peaks represents a different material transport mechanism or distinct type of flow defects in the amorphous structure. The flow defects is termed as non-coincident atomic sites configuration that are located at intercluster boundaries may be considered as similar to atomic configurations of dislocation cores in crystals. Obviously, further work is necessary to understand how does this phenomenon relate to materials characteristics in the present BMGs.
Conclusions
In summary, room temperature creep behavior of Ce 60 Al 15 Ni 15 Cu 10 and Ce 68 Al 10 Cu 20 Nb 2 BMGs with quite low glass transition temperatures was probed by indentation creep measurements. The creep rate sensitivity is 0.016 for the former BMG and 0.028 for the later BMG. The indentation creep behavior of the Ce-based BMGs can be well described by a generalized Kelvin model. The creep relaxation spectrum reveals two separated peaks, which indicate two kinds of relaxation processes for Ce-based BMGs during indentation creep at room temperature. 
